Particle-antiparticle asymmetry from magnetogenesis through the Landau
  mechanism by Carcamo, D. et al.
ar
X
iv
:1
21
2.
40
05
v1
  [
he
p-
th]
  1
7 D
ec
 20
12
Particle-antiparticle asymmetry from magnetogenesis through the Landau mechanism
D. Ca´rcamo∗
Departamento de F´ısica, Pontificia Universidad Cato´lica de Chile, Casilla 306, Santiago 22, Chile
Ashok Das†
Department of Physics and Astronomy, University of Rochester,
Rochester, NY 14627-0171, USA
and
Saha Institute of Nuclear Physics,
1/AF Bidhannagar, Calcutta 700064, India
J. Gamboa‡
Departamento de F´ısica, Universidad de Santiago de Chile, Casilla 307, Santiago, Chile
M. Loewe§
Departamento de F´ısica,
Pontificia Universidad Cato´lica de Chile,
Casilla 306, Santiago 22, Chile
and
Centre for Theoretical Physics and Mathematical Physics,
University of Cape Town,
Rondebosch 7700, South Africa
Motivated by string theory an extension of the Landau problem to quantum field theory is con-
sidered. We show that the commutator between momenta of the fields violates Lorentz and CPT
invariance leading to an alternative method of understanding the question of particle-antiparticle
asymmetry. The presence of magnetic field at very early moments of the universe would then suggest
that the particle-antiparticle asymmetry can be understood as a consequence of magnetogenesis.
The quantum mechanics of a charged particle in a constant magnetic field is known as the Landau problem and is
an interesting phenomenon. In this case, the Schro¨dinger equation can be exactly solved and the energy levels as well
as the degeneracy of states can be determined. The Landau problem with strong magnetic fields is currently a widely
studied area in different fields such as solid state physics [1], astrophysics [2] and cosmology [3–5]. It also provides
a beautiful formalism for implementing fractional statistics [6] as well as a simple example of a quantum mechanical
system with deformed commutators in the phase space [7]. The mechanical (kinematic) momenta do not commute in
the presence of a magnetic field which is a nontrivial characteristic of the Landau problem and this has a profound
theoretical [1] and experimental impact [8]. It is this noncommutativity of the momenta that we will like to explore
in the following.
In cosmology we know that there are various sources of magnetic fields including a primordial magnetic field.
Therefore, in order to study physical phenomena at early stages of the universe, it would be of interest to generalize
the Landau problem to quantum field theories. The presence of a background magnetic field necessarily violates
Lorentz invariance and will be reflected in any such theory. A direct generalization of the coupling of a field to a
magnetic field can, of course, be done through the minimal coupling, but this would not lead to the non commutativity
of momenta which is a characteristic of the Landau problem and which we are interested in.
In this work we propose a generalization of the Landau problem to quantum field theories motivated by the coupling
of the string to an external magnetic field (in a target space sense). As we will show, this leads to the noncommutativity
of momenta, a breaking of Lorentz invariance (and, therefore, CPT) as well as the particle-antiparticle symmetry. In
this scenario, therefore, the primordial magnetic field becomes related to the particle-antiparticle symmetry breaking
(or in some sense magneto genesis can become related to baryogenesis).
Let us recapitulate briefly the Landau problem, namely, the motion of a charged particle in the presence of a
constant magnetic field B along the z-axis. In this case ignoring the trivial motion along the z-axis, the dynamics in
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2the plane is described by the Lagrangian in the symmetric gauge (summation over repeated indices is understood)
L =
1
2
(x˙i)
2 +Aix˙i =
1
2
(x˙i)
2 −
B
2
ǫij x˙ixj , (1)
where we have set the mass as well as the coupling (e) to unity and have chosen the symmetric gauge for the vector
potential. Here i = 1, 2 and we have identified x1 = x, x2 = y and the “dot” denotes a derivative with respect to time.
Because of the velocity dependent coupling, the canonical momentum is modified (from the free particle case) and is
given by
Πi =
∂L
∂x˙i
= x˙i −
B
2
ǫijxj = pi −
B
2
ǫijxj , (2)
where pi denotes the mechanical (sometimes also known as the kinematic) momentum and is gauge invariant. The
Hamiltonian for the system now follows to be
H = Πix˙i − L =
1
2
(pi)
2, (3)
and the equal-time commutators between the basic variables can be determined to be (~ = 1)
[xi, xj ] = 0, [xi, pj ] = iδij , [pi, pj ] = iBǫij. (4)
The Hamiltonian equations lead to
x˙i = pi, p˙i = x¨i = Bǫijpj = Bǫij x˙j , (5)
which coincides with the Euler-Lagrange equation following from (1). We note here that the deformation of the
momentum commutator in the presence of a magnetic field in (4) provides the simplest example of noncommutativity
in quantum mechanics of recent interest (the non commutativity can also be transferred to the coordinate commutators
through an appropriate change of basis).
In trying to generalize this phenomenon to field theory, as we have already mentioned, we will follow the approach
from string theory in the sense that we will consider a magnetic field in the target space. Therefore, choosing a two
component scalar field theory φi(t, x), i = 1, 2 in two dimensions, the natural generalization of the Lagrangian in (1)
leads to a Lagrangian density (c = 1)
L =
1
2
(
(φ˙i)
2 − (φ′i)
2
)
−
g2
2
ǫij φ˙iφj , (6)
where a prime denotes a derivative with respect to x and the constant g2 plays the role of the magnetic field in (1)
(it has the dimension of energy). In this two dimensional field theory, however, there is a possibility to add a second
quadratic term to the Lagrangian density in this generalization so that we can write (we assume g1, g2 > 0)
L =
1
2
(
(φ˙i)
2 − (φ′i)
2
)
−
g1
2
φ˙iφ
′
i −
g2
2
ǫij φ˙iφj , (7)
where g1 denotes a dimensionless parameter. Clearly, both the interaction terms violate Lorentz invariance. We will
examine shortly the effects generated by g1 and g2 respectively.
It follows from the Lagrangian density in (7) that the momenta canonically conjugate to the field variables φi are
given by
Πi(t, x) =
∂L
∂φ˙i
= φ˙i −
1
2
(g1φ
′
i + g2ǫijφj) = pi −
1
2
(g1φ
′
i + g2ǫijφj) , (8)
which can be compared with (2). The Hamiltonian density now has the form
H = Πiφ˙i − L =
1
2
(
(φ˙i)
2 + (φ′i)
2
)
, (9)
as we would expect (see (3)). The equal-time commutators between the basic variables can now be obtained to have
the forms
[φi(t, x), φj(t, y)] = 0, [φi(t, x), pj(t, y)] = iδijδ(x − y), [pi(t, x), pj(t, y)] = iFij(x, y), (10)
3where we have identified
Fij(x, y) = (g1δij∂x + g2ǫij) δ(x− y). (11)
It can be trivially checked that the structure in (11) satisfies the anti-symmetry as well as the Jacobi identity required
of a (commutator) Hamiltonian structure. The Hamiltonian equations can now be derived which are also equivalent
to the Euler-Lagrange equations following from (7), namely,
φ¨i − φ
′′
i − g1φ˙
′
i − g2ǫij φ˙j = 0. (12)
Using a plane wave solution of the form
φi(t, x) = φi(E, k) e
−i(Et−kx), (13)
equation (12) takes the form (
(−E2 + k2 − g1EK)δij + ig2Eǫij
)
φj(E, k) = 0. (14)
The two coupled equations can be decoupled through a change of basis and take the forms(
E2 − (g2 − g1k)E − k
2
)
φ(+)(E, k) = 0, (15)(
E2 + (g2 + g1k)E − k
2
)
φ(−)(E, k) = 0, (16)
where φ(±)(E, k) = φ1(E, k) ± iφ2(E, k) can be thought of as momentum space wave functions for particles and
anti-particles respectively. The energy eigenvalues follow from (15) and (16) to correspond to
E
(+)
± =
1
2
[
−(g1k − g2)±
√
(g1k − g2)2 + 4k2
]
, (17)
E
(−)
± =
1
2
[
−(g1k + g2)±
√
(g1k + g2)2 + 4k2
]
. (18)
We note that when g2 = 0, the two solutions in (17) and (18) coincide and lead to
E
(+)
± = E
(−)
± = E± =
[
−
g1
2
ǫ(k)±
√
1 +
g21
4
]
|k|, (19)
where ǫ(k) denotes the sign function (namely, +1 for k > 0 and −1 for k < 0). It follows that the speed of propagation
of these massless scalar excitations for k << 1 is
E±
dk
= 1−
g1
2
+O(g21), (20)
and therefore
δv = 1− v =
g1
2
. (21)
However as v = 1 is the maximum attainable speed, can extract bounds pair g1 using data from the SME [17], and
indeed one can see that g1 coincides with cxt in [17] (see table I).
We see that, in this case, the speed of scalar excitations is modified which is, of course, a consequence of the Lorentz
violation by the interaction term with the coupling g1. However, since E
(+) − E(−) = 0, the term with the coupling
g1 does not lead to any particle-antiparticle asymmetry.
On the other hand, various tests of Lorentz invariance violation have already measured the possible changes in c and
the results are tabulated in table I. A bound on the strength of the coupling g1 can, therefore, be obtained from these
measurements and leads to g1 < 10
−16 from pair creations processes while proton data lead to g1 < 10
−20. Therefore,
we conclude that the contributions coming from g1 in the extra interaction term are negligible. Consequently, if we
neglect g1 in (17) and (18), we obtain
E
(+)
± =
g2
2
±
√
k2 +
(g2
2
)2
,
E
(−)
± = −
g2
2
±
√
k2 +
(g2
2
)2
. (22)
4LIV tests δv± ∼ Ref.
Electron data 10−18 [17]
Proton data 10−20 [17]
Pair creation processes 10−15 [18]
Cold Atom Clock 10−19 [19]
TABLE I: Bounds on δv given by different tests.
We note that in this case E
(+)
± 6= E
(−)
± and, in fact, the difference in energy between particles and antiparticles has
the form
E
(+)
± − E
(−)
± = g2, (23)
so that we recognize g2 as a measure of particle-antiparticle symmetry breaking. A nonzero value of the coupling
g2 necessarily breaks particle-antiparticle symmetry (in addition to Lorentz invariance) [9–15, 20] and this is the
difference between the two Lorentz invariance violating terms in (7). Of course, as we have already pointed out g2
can be thought of as a constant background magnetic field (in the target space sense) and, therefore, in this approach
a background magnetic field can be thought of as a reason for particle-antiparticle symmetry breaking.
If we generalize the dispersion relation (22) to hold for fermions, it is easy to see that the parameter g2 can even
be related to the baryon asymmetry parameter in the following way. We note that the baryon asymmetry (particle-
antiparticle asymmetry) is parameterized by the ratio [21]
η =
n− n¯
s
=
n− n¯
7nγ
, (24)
where n, n¯ denote the densities for particles and antiparticles respectively, s is the entropy density which can be
identified with s = 7nγ where nγ denotes the photon density. The difference (n − n¯) can be calculated easily if we
assume thermal equilibrium at the beginning of nucleosynthesis (around kT = β−1 = 20MeV), namely, the number
difference between particles and antiparticles in 1 cm is obtained from equilibrium statistical mechanics to be
n− n¯ =
∫ ∞
−∞
dk
(
1
eβE
(+)
+ + 1
−
1
eβE
(−)
+ + 1
)
. (25)
Assuming that g2 is small, we can Taylor expand the integrand to obtain the leading term
n− n¯ = 2g2β =
g2
10MeV− cm
. (26)
Substituting this into (24), we obtain
η =
g2
70nγMeV − cm
, (27)
which relates g2 to the baryon asymmetry parameter and the photon number density. On the other hand, as we have
remarked earlier, g2 can be thought of as a constant background magnetic field so that (27) would relate baryogenesis
with the presence of a constant background magnetic field which can possibly be the primordial magnetic field.
Although our model is very simple and in 1 + 1 dimensions, we can try to estimate g2 by extrapolating the known
observational data. For example, the asymmetry parameter is measured to be
η ∼ 6× 10−10, (28)
and the number of photons in one cubic centimeter is known to be
nγ ∼ 400. (29)
If we naively reduce this to one dimension and take nγ ∼ 7/cm and plug in these numbers into (27) we obtain
g2 ∼ 3× 10
−1eV. (30)
5We are fully aware that it is improper to take observational data on the three dimensional universe and apply it
to the predictions of a one dimensional model. Our idea is simply to illustrate how with a more realistic model
in 3 + 1 dimensions, such a mechanism can in fact lead to a connection between the primordial magnetic field and
baryogenesis. In a realistic 3 + 1 dimensional model, a direct bilinear fermion coupling to a magnetic field is not
allowed because of arguments of renormalizability and possibly can arise through radiative corrections. As a result,
the strength of such a coupling will be much smaller bringing down the estimate (30) significantly (besides other
effects) and may in fact become comparable to the value of the primordial magnetic field. Since in this scenario there
are no transitions between baryons to antileptons and vice versa, the processes involving sphalerons do not seem to
be relevant. However, this question is under study.
Acknowledgements: This work was supported by grants from FONDECYT-Chile grant-1095106, 1095217, 1100777,
22110026 and Proyecto Anillos ACT119. One of us (J.G.) thanks to the Physics and Astronomy Department of the
University of Rochester and Departamento de F´ısica of PUC for the hospitality.
[1] R. B. Laughlin, Phys. Rev. B 23, 5632 (1981); B. I. Halperin, Phys. Rev. B 23, 5632 (1981); B. I. Halperin, Phys. Rev.
Lett.52 , 1983 (1984), ibid, 52, 2390(E).
[2] S. L. Shapiro and S. A. Teukolsky, Black Holes, White Dwarfs and Neutron Stars, , A Wiley-Interscience, New York, p.
321 (1984).
[3] For a reviews see, D. Grasso and H. R. Rubinstein, Phys. Rep. 348, 163 (2001).
[4] A. Kandus, K. E. Kunze and C. G. Tsagas, Phys. Rep. 505, 1 (2011).
[5] M. Gasperini, M. Giovannini and G. Veneziano, Phys. Rev. Lett. 75, 3796 (1995); M. Giovannini and M. E. Shaposhnikov,
Phys. Rev. D 57, 2186 (1998); M. Giovannini, Int. J. Mod. Phys. D 13, 391 (2004).
[6] See e.g F. Wilczek, Fractional Statistics and Anyon Superconductivity, World Scientific (1988).
[7] In this context see e.g , V. N. Nair and A. P. Polychronakos, Phys. Lett. 505, 267 (2001) and references therein.
[8] K. von Klitzing, G. Dorda, G.and M. Pepper, Phys. Rev. Lett.45, 494 (1980); D. C. Tsui, H. L. Stormer, and A. C.
Gossard, Phys. Rev. Lett. 48, 1559 (1982).
[9] V. A. Kostelecky´ and S. Samuel, Phys. Rev. D39, 683 (1989); V. A. Kostelecky´ Phys. Rev. D69,105009 (2004); V. A.
Kostelecky´ and R. Potting, Phys. Rev. D51, 3923 (1995); D. Colladay and V.A. Kostelecky´, Phys. Lett. B511, 209 (2001);
V. A. Kostelecky´, R. Lehnert, Phys. Rev. D63, 065008 (2001); R. Bluhm and V. A. Kostelecky´, Phys. Rev. Lett. 84, 1381
(2000); V. A. Kostelecky´ and C. D. Lane, Phys. Rev. D60, 116010 (1999); R. Jackiw and V. A. Kostelecky´, Phys. Rev.
Lett. 82, 3572 (1999); D. Colladay, V. A. Kostelecky´, Phys. Rev. D58, 116002 (1998); O. Bertolami, D. Colladay, V. A.
Kostelecky, R. Potting, Phys. Lett. B395, 178 (1997).
[10] R. Jackiw and S.Y. Pi, Phys. Rev. D68, 104012 (2003); Z. Guralnik,R. Jackiw, S.Y. Pi, A.P. Polychronakos, Phys. Lett.
B517, 450 (2001); S. Carroll, R. Jackiw and G. Field, Phys. Rev. D41, 1231 (1990); R. Jackiw and S. Y. Pi, Phys. Rev.D
68, 104012 (2003).
[11] J.M. Carmona, J.L. Cortes, J. Gamboa, and F. Mendez, JHEP 0303, 058 ( 2003), ibid Phys. Lett. B565, 222 (2003);
A. Das, J. Gamboa, F. Mendez, J. Lopez-Sarrion, JHEP 0405, 022 (2004); J. Gamboa and J. Lopez-Sarrion, Phys. Rev.
D71, 067702 (2005); H. Falomir, J. Gamboa, J. Lopez- Sarrion, F. Mendez, A.J. da Silva. Phys. Lett. B632, 740 (2006);
ibid, Phys. Rev. D74, 047701 (2006); J. Gamboa, J. Lopez-Sarrion, A. P. Polychronakos, Phys. Lett. B634, 471 (2006);
P. Arias, A. Das, J. Gamboa, J. Lopez-Sarrion and F. Mendez, hep-ph/0608007, Phys. Lett. 650 B, 401 (2007); A. Das,
J. Gamboa, J. Lopez- Sarrion, F. A. Schaposnik, Phys. Rev. D72, 107702 (2005); A. Ayala, M. Loewe, J. C. Rojas, C.
Villavicencio, Phys. Rev.D86, 076006 (2012).
[12] A. A. Andrianov, P. Giacconi, R. Soldati, JHEP 0202, 030 (2002); J. Alfaro, A. A. Andrianov, M. Cambiaso, P. Giac-
coni, R. Soldati, Phys. Lett. B639, 586 (2006); A. A. Andrianov, P. Giacconi and R. Soldati, JHEP 0202, 030 (2002);
A. A. Andrianov, P. Giacconi and R. Soldati, Grav. Cosmol. Suppl. 8N1, 41 (2002).
[13] O. Bertolami, and C.S. Carvalho, Phys.Rev. D61, 103002 (2000).
[14] V. A. Kostelecky´ and M. Mewes, Phys.Rev. D69,016005 (2004).
[15] V. A. Kostelecky´ and M. Mewes, Phys. Rev. D66, 056005 (2002).
[16] S. Coleman and S. L. Glashow, Phys.Lett B405, 249 (1997); ibid, Phys. Rev. D59, 116008 (1999)
[17] V. A. Kostelecky and N. Russell, Rev. Mod. Phys. 83, 11 (2011).
[18] B. Atschul, Astropart. Physics 28, 380 (2007).
[19] P. Wolf, F. Chapelet, S. Bize, and A. Clairon, Phys. Rev. Lett. 96, 060801 (2006).
[20] A. A. Andrianov and R. Soldati, Phys. Rev. D 51 (1995) 5961.
[21] M. Dine and A. Kusenko, Rev. Mod. Phys.76, 1 (2004); K. Enqvist and A. Mazumdar, Phys. Rep.380, 99 (2003); A.
D. Dolgov and Y. B. Zeldovich, Rev. Mod. Phys.53, 1 (1981); A. Das, J. M. Carmona, J. L. Cortes, J. Gamboa and F.
Mendez, Mod. Phys. Lett.21A, 883 (2006).
[22] E. Komatsu, et al., Astrophys. J. Suppl. 180, 330 (2009).
